Modeling of MZM-Based Photonic Link Power Budget by Zhu, Kehan et al.
Boise State University
ScholarWorks
Electrical and Computer Engineering Faculty
Publications and Presentations
Department of Electrical and Computer
Engineering
1-1-2016
Modeling of MZM-Based Photonic Link Power
Budget
Kehan Zhu
Boise State University
Cheng Li
Hewlett-Packard Labs
Nan Qi
Hewlett-Packard Labs
Marco Fiorentino
Hewlett-Packard Labs
Raymond Beausoleil
Hewlett-Packard Labs
See next page for additional authors
© 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media,
including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to
servers or lists, or reuse of any copyrighted component of this work in other works. doi: 10.1109/OIC.2016.7483018
Publication Information
Zhu, Kehan; Li, Cheng; Qi, Nan; Yu, Kunzhi; Fiorentino, Marco; Beausoleil, Raymond; and Saxena, Vishal. (2016). "Modeling of
MZM-Based Photonic Link Power Budget". 2016 IEEE Optical Interconnects Conference (OI), 58-59. http://dx.doi.org/10.1109/
OIC.2016.7483018
Authors
Kehan Zhu, Cheng Li, Nan Qi, Marco Fiorentino, Raymond Beausoleil, and Vishal Saxena
This conference proceeding is available at ScholarWorks: http://scholarworks.boisestate.edu/electrical_facpubs/318
Modeling of MZM-Based Photonic Link Power Budget 
 
Kehan Zhu1,2*, Cheng Li1, Nan Qi1, Kunzhi Yu3, Marco Fiorentino1, Raymond Beausoleil1, and 
Vishal Saxena2 
1Hewlett-Packard Labs, Palo Alto, CA, 94304, USA, 2Boise State University, Boise, ID, 83725, USA, 3Texas A&M University, 
College Station, TX 77843, USA  
*e-mail address: kehanzhu@X.boisestate.edu 
 
Abstract: An accurate methodology for analyzing the Mach-Zehnder modulator (MZM) based 
optical link power budget is presented. It optimizes the transceiver’s system-level performance to 
meet the specifications of the optical links with N-level (N=2,4,8) pulse amplitude modulation 
format for high-speed signaling. 
1. Introduction 
Silicon-based photonic integration has emerged as a promising solution to meet the ever increasing transfer bandwidth 
requirement in the computing industry. Escalating the modulation format from PAM-2 to PAM-4, even to PAM-8 
requires an analytic model to analyze the trade-off among the electrical-to-optical (EO) channel loss over the sacrificed 
signal-to-noise ratio, the circuits design complexity, the chip area and the power consumption [1].  
MZM is by far the most reliable indirect optical modulator in silicon photonic platform, though its footprint is large 
and thus requires relatively more power from the drivers [2]. The extinction ratio (ER) of MZM at the transmitter 
(TX) side is determined by optical modulation amplitude (OMA), MZM’s average output power ( ௔ܲ௩௘), the MZM 
device characteristic and the modulation scheme. An optimized optical link requires a suitable ER at the TX side to 
achieve a target receiver bit error rate (BER) performance with the least optical laser/electrical driver power 
consumption. Fig. 1 describes the proposed MZM-based photonic link power budget model. The key parameters of 
photonic devices, optical channel, and the specifications of the electrical driver and receiver circuitry are tabulated. 
By satisfying the boundary condition shown in Fig. 1, the model derives the power-optimized photonic parameters 
(e.g. laser power and MZM specs) according to the specified receiver specifications. This model is applicable to 
multiple-level pulse-amplitude modulation schemes.  
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Fig. 1. MZM-based optical link specifications. 
 
2. Deriving OMA for the Receiver 
The receiver front-end circuit, TIA, when being connected to the PD, needs to provide high gain, large bandwidth and 
high sensitivity to achieve the desired BER at high-speed data rate. BER=0.5erfc(0.5α/ξʹ)) is the complementary 
error function of the scaling factor, α [3]. By substituting α into Eq.(1), BER as a function of ܱܯܣ௠௜௡ at the PD’s 
input can be plotted in Fig. 2. In Eq.(1), N stands for PAM-N. ݅௡ǡ௥௠௦ is the TIA’s input referred rms current noise. Vth 
is the decision threshold for the circuits seen at the output of the TIA. ZTIA is the TIA’s transimpedence gain. All the 
parameters value used for plotting the BER vs. ܱܯܣ௉஽ curve can be found in the caption of Fig. 2. In order to achieve 
a BER of ͳͲିଵଶ, the minimum ܱܯܣ௉஽ has to be larger than -10.1 dBm, -5.4 dBm and -1.7 dBm for PAM-2, PAM-4 
and PAM-8, respectively. 
                                              ܱܯܣ௉஽ ൌ ሺܰ െ ͳሻ
ఈ௜೙ǡೝ೘ೞା௏೟೓Ȁ௓೅಺ಲ
ఘ     (Watts)                                      (1) 
BER PAM-N Min. (dBm)
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Fig. 2. PAM-2/4/8 receiver sensitivity based on a 32 Gb/s TIA in 
16nm FinFET CMOS process (݅௡ǡ௥௠௦ ൌ Ͷߤܣ, ௧ܸ௛ ൌ ʹͲܸ݉, ்ܼூ஺ ൌ
ͷͺ݀ܤߗ, ߩ ൌ ͲǤͻܣȀܹ). 
Fig. 3. Optical power transfer function of the MZM in 130nm SOI 
CMOS process with different arm lengths (an effective phase shift 
of ͹ǤͷͺιȀ݉݉is extracted when operating at 32 Gb/s).
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3. Deriving MZM ER and OMA from the Optical Power Transfer Function  
ER, which correlates the OMA with the average power, is an important specification for optical modulators. The 
optical power transfer function ( ௢ܶ௣௧) of the MZM is analyzed and given in Eq.(2). It is more accurate than those given 
in [4][5], in which the authors didn’t consider the device length dependent static and dynamic insertion loss introduced 
by the optical elements. The ௢ܶ௣௧ is plotted in Fig.3 for the MZM in a 130nm SOI CMOS process with different arm 
lengths. In this plot, MZM is driven by a push-pull driver with 1.8 ௉ܸ௉ swing on both arms. ݇ is the mismatch factor 
between two arms. ׎ଵ and ׎ଶ are the absolute phases of MZM’s two arms. The two branches of optical power before 
entering the combiner is represented by ଵܲ and ଶܲ. The two most significant insertion losses are introduced by the 
grating coupler and the high-speed phase modulator, respectively. An ܫܮீ஼  of 3 dB is used for the analysis. Moreover, 
losses introduced by other optical elements (e.g. the Y-junctions, silicon waveguides and the PIN phase modulators) 
have been included in the MZM model. Thus, the ER and OMA can be accurately derived from the ௢ܶ௣௧ . The 
corresponding equations are shown along with the ௢ܶ௣௧ plot in Fig.3. 
                                     ௢ܶ௣௧ ൌ
௉భ௞ା௉మሺଵି௞ሻାଶඥ௉భ௉మ௞ሺଵି௞ሻ ୡ୭ୱሺ׎భି׎మሻ
௉೗ೌೞ೐ೝଵ଴
ቀ಺ಽೊషೕೠ೙೎Ǥశ಺ಽೈಸశ಺ಽಸ಴ቁ
భబ൘
                                          (2) 
 
4. Correlation between Transmitter and Receiver 
The OMA after the coupling at the RX PD side needs to be guaranteed to meet the BER requirement for PAM-N 
signaling. This is plotted in Fig.4 (a) with varying the input laser power from 5 to 14 dBm (denoted in red at the side 
of each curve). The three horizontal dash-dotted lines indicate the minimum required OMA for PAM-2/4/8, 
respectively. The overload current, which is set by the average power of MZM and the ρ of the PD, is plotted in Fig.4 
(b). The TIA needs to be able to tolerate certain amount of overload current. Thus the more overload current is required 
to be cancelled, the more the input current noise will be introduced, which in turn raises the minimum required 
ܱܯܣ௠௜௡ at the RX side. It can be observed that there is an optimal ER for this specific MZM, which is around 8 dB. 
In order to meet the ܱܯܣ௠௜௡ for PAM-4 and PAM-8 RX sensitivity requirement, it doesn’t help to increase the ER 
by using longer MZM length. The input laser power needs to be increased to compensate the excessive loss due to the 
long MZM. 
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Fig. 4. (a)  ୔ୈ versus ER with varying input laser power, the dash-dotted horizontal lines are the minimum required OMA at the PD for 
PAM-N signaling derived from the parameters used in Fig. 2; (b) The overload current seen from the TIA versus ER. 
 
 
5. Conclusion  
A complete full link power budget analysis model is presented for the MZM-based optical link with PAM-2/4/8 
modulation format. Once the optimal ER at certain laser power is determined, the driver power requirement can be   
optimized at the electrical side depending on the driver’s topology. This budget analysis model can be potentially 
extended to other types of the optical links (e.g. micro-ring modulator or VCSEL-based).  
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